The identification of permissible HLA class II mismatches can prevent DSA in mismatched transplantation. The HLA-DR phenotype of recipients contributes to DSA formation by presenting allo-HLA-derived peptides to T-helper cells, which induces the differentiation of B cells into plasma cells. Comparing the binding affinity of self and nonself allo-HLA-derived peptides for recipients' HLA class II antigens may distinguish immunogenic HLA mismatches from nonimmunogenic ones. The binding affinities of allo-HLA-derived peptides to recipients' HLA-DR and HLA-DQ antigens were predicted using the NetMHCIIpan 3.1 server. HLA class II mismatches were classified based on whether they induced DSA and whether self or nonself peptide was predicted to bind with highest affinity to recipients' HLA-DR and HLA-DQ. Other mismatch characteristics (eplet, hydrophobic, electrostatic, and amino acid mismatch scores and PIRCHE-II) were evaluated. A significant association occurred between DSA formation and the predicted HLA-DR presentation of nonself peptides ( = 0.0169; accuracy = 80%; sensitivity = 88%; specificity = 63%). In contrast, mismatch characteristics did not differ significantly between mismatches that induced DSA and the ones that did not, except for PIRCHE-II ( = 0.0094). This methodology predicts DSA formation based on HLA mismatches and recipients' HLA-DR phenotype and may identify permissible HLA mismatches to help optimize HLA matching and guide donor selection.
Introduction
Human Leukocyte Antigen (HLA) incompatible transplantation frequently leads to the formation of HLA donor-specific antibodies (DSAs). DSAs are now considered to be the main cause of allograft loss [1, 2] , since they are associated with an increased risk for antibody-mediated rejection (AMR), poor long-term survival, and chronic rejection [1, [3] [4] [5] . To that end, the identification of permissible HLA mismatchesnot inducing antibody formation-has been essential for mismatched transplantation, as it is clear that not all HLA mismatches are immunogenic and lead to the formation of DSA [6, 7] .
The development of DSA requires the activation of the transplant recipient's adaptive immune system against allogeneic HLA (allo-HLA), a process known as the indirect allorecognition pathway (reviewed in [8, 9] ). This alloreactive response involves both B and T cell compartments of the immune system, particularly the cognate CD4+ T cell helper function, to produce long-lasting IgG alloantibodies [8, 10, 2 Journal of Immunology Research and IgG-secreting plasma cells, both specific for the allo-HLA [9, 14, 15] .
The immunogenic potential, or immunogenicity, of allo-HLA molecules remains to be fully elucidated. Nonetheless, allo-HLA molecules have to carry two important immunogenic domains to induce a humoral immune response [16] . The first domain is a B cell epitope that is specific for a unique BCR expressed on the surface of allospecific B cells. The second domain, a T cell epitope recognized by allo-T FH , is the allo-HLApep presented by the recipient's HLA class II antigens on the surface of allospecific B cells. Several computational approaches have been developed to characterize and clarify the immunogenicity of allo-HLA (reviewed in [17] ).
B cell epitopes (or HLA antibody epitopes) can be identified using the Duquesnoy HLAmatchmaker method, which is a quantitative tool used to distinguish polymorphic eplets of donor/recipient HLA mismatches in order to identify actual and potential antigenic determinant specificities of human allo-HLA and murine monoclonal antibodies [18] [19] [20] . HLAmatchmaker evaluates the eplet mismatch load of a transplant, and both transplant survival and DSA formation were correlated with high eplet mismatch load [20] [21] [22] . This is supported by Dankers et al., who reported that DSA formation correlated with the number of amino acid triplet differences [23] . Moreover, characterizing the frequencies of epitope-specific allo-HLA antibodies provides a measure of the relative immunogenicity of HLA eplet mismatches [24] . Similarly, the group of Komoliaptsis V. have shown that the number and physiochemical properties (hydrophobicity and electrostatic charge difference) of amino acid mismatches were correlated with the presence and level of DSA [25] [26] [27] [28] . While the relative immunogenicity of HLA antigens was assessed using the antigenicity of HLA epitopes, it does not fully reveal their immunogenicity [7] .
On the other hand, the HLA class II phenotype, HLA-DR in particular [29, 30] , of the recipient contributes to the immunogenicity of HLA mismatches by presenting allo-HLA-derived T cell epitopes and thus influencing CD4+ T cell and B cell interactions [31] . Potential T cell epitopes can be identified using an Internet-based prediction tool (NetMHCIIpan 3.1, developed by Nielsen M. and his team) to determine the binding affinity of nonamer cores from any protein sequence [32] , with the highest performance comparable to other available methods [33] . The group of Spierings E. developed an allogeneic HLA-derived, predicted indirectly recognizable HLA epitopes, HLA class II-presented (PIRCHE-II) method to identify the number of nonself peptides with high predicted binding affinities (IC 50 < 1000 nM) for a specific HLA class II antigen [34] . The allogeneic HLA-derived PIRCHE-II number was correlated with the development of HLA antibodies in kidney and pancreas transplantation [34, 35] , as well as during pregnancy [36] , suggesting that allo-HLA-derived T cell epitopes are critical for evaluating the immunogenicity of HLA.
The immunogenicity of HLA mismatches, assessed using a B cell epitope or a T cell epitope approach, had limitations. Indeed, in many mismatches with low eplet mismatch load, physiochemical property differences, or PIRCHE-II numbers, DSA can be formed and vice versa. The overlap in the distribution of the aforementioned HLA mismatch characteristics between DSA producer and DSA nonproducers suggests that other factors are involved in the immunogenicity of HLA mismatches [37] .
To my knowledge, the self component of HLA mismatches has not been investigated before, yet it may be a factor influencing the immunogenicity of allo-HLA. Because HLA molecules have both unique and shared sequences of amino acids, allospecific B cells, which processed an allo-HLA, can present self and/or nonself allo-HLApep depending on their binding affinity for the recipient's HLA class II expressed. The thymic selection of T cells creates a repertoire of allo-T FH cells expressing specific TCRs with a low affinity for self peptides/HLA class II complex and a high affinity for nonself ones [12, 13] . Unlike self allo-HLApep, the recognition of nonself allo-HLApep provides adequate costimulation for the proliferation and differentiation of B cells into allo-HLAspecific IgG-secreting plasma cells. Therefore, I hypothesize that comparing the highest predicted binding affinity of nonself and self allo-HLApep for a transplant recipient's HLA class II antigens may distinguish immunogenic HLA mismatches (which induce the formation of DSA) from nonimmunogenic ones.
Materials and Methods

Patients with HLA Class II Mismatches.
Six renal transplant recipients, with defined HLA class II genotype and IgG DSAs previously characterized at the Terasaki Foundation Laboratory by Dr. El-Awar, were used in this study [38] . Briefly, all patients were transplanted between 2002 and 2010 and had undergone AMR. The HLA-DRB1, HLA-DQA1, and HLA-DQB1 molecular typing were performed using Luminex polymerase chain reaction sequence specific oligo probe hybridization (PCR-SSO) technology (One Lambda, Canoga Park, CA, USA) for all recipient/donor pairs. All patients had IgG DSA detected (MFI > 1000) at the time of AMR using the Luminex platform with single HLA antigen beads (One Lambda, Canoga Park, CA, USA). All the HLA-DQ DSAs (DQA1 and DQB1) had their epitope defined previously [38] , and all of the epitopes were located on either the alpha chain or the beta chain, but not to the HLA-DQ heterodimer. The total number of HLA class II mismatches was 25 (including DRB1, DQA1, and DQB1 molecules only). 50 values, where IC 50 < 50 nM are considered high affinity, <500 nM intermediate affinity, and <5000 nM low affinity, and (ii) percentile rank (% rank) of a peptide, which is generated by comparing the peptide's score against the scores of 200,000 random natural peptides (% rank < 2%: strong binder; % rank < 10%: weak binder). After making interand intralocus amino acid sequence alignment comparisons, all the allo-HLApep were classified as self when they were identical to the recipients' and as nonself when they were different. As shown in Figure 1 , each mismatch was classified based on whether it led to the formation of DSA or not and whether a self or nonself allo-HLApep was predicted to have the highest binding affinity for the recipient's HLA class II antigens. Self presentation was defined as follows: only self allo-HLApep with highest binding affinities for all of the recipient's HLA class II antigens; meanwhile nonself presentation was defined as follows: at least one of the recipient's HLA class II antigen having the highest binding affinity for nonself allo-HLApep.
Methods to
Statistical Analysis.
All statistical analyses were done using STATA 13. All data were tested for normality using the Shapiro-Wilk test, and the Shapiro-Francia test. Analysis for significance was performed using the -test, with equal variance for mean comparison. Fisher's exact test was used to analyze 2 by 2 contingency tables, and the accuracy, specificity, and sensitivity were reported for the same contingency tables. Two-tailed values less than 0.05 were considered significant.
Results
Patients and HLA Class II Mismatches.
The six transplant cases analyzed had 3 to 5 HLA class II mismatches (HLA-DRB1, HLA-DQA1, and HLA-DQB1 molecules) and 2 to 4 DSAs ( Table 1 ). The total number of mismatches was 25 (9 HLA-DRB1, 6 HLA-DQA1, and 10 HLA-DQB1), where 17 led to the formation of DSA (3 anti-HLA-DRB1, 6 anti-HLA-DQA1, and 8 anti-HLA-DQB1) and 8 did not (6 anti-HLA-DRB1, 0 anti-HLA-DQA1, and 2 anti-HLA-DQB1). Only one patient (Tx ID 21) produced DSA against all of his mismatched HLA class II antigens, whereas all other patients did not produce DSA against all their respective mismatches. Table 2 for all the mismatches. The EpMS ranged from 3 to 16 (antibody verified: 0-9; others: 1-11), the number of PIRCHE-II from 1 to 18, the HMS from 0.9 to 33.999, the EMS from 0.529 to 31.23, and the AMS from 3 to 21. For all loci combined (Table 3(a)) or separate (Tables 3(b) and 3(c)), there are no significant differences in the EpMS (antibody verified and others), HMS, EMS, and AMS between mismatches that led to the formation of a DSA and those that did not. In contrast, the numbers of PIRCHE-II were significantly higher in mismatches that led to the formation of DSA compared to those that did not for all loci combined ( = 0.0094, Table 3 (a)), but not for the separate loci (Tables 3(b) and 3(c)). Table 4 ) for 9-mer self alloHLApep compared to nonself ones. Of the remaining 3 (mismatches ID 4, 17, and 22), at least one of their respective recipient's HLA-DRB1 antigens had the highest and higher affinity for nonself allo-HLA-derived peptides compared to self ones.
HLA Class II Mismatch Scores. The EpMS (antibody verified and others) and number of PIRCHE-II, HMS, EMS, and AMS are listed in
In the HLA class II mismatches that led to the formation of DSA (bold and underlined mismatches in binding with the highest and higher affinity for nonself allo-HLA-derived peptides compared to self ones. Of the remaining 2 (mismatches ID 10, 21), their respective recipient's HLA-DRB1 antigens had the highest and higher affinity self allo-HLA-derived peptides (9 mers) compared to nonself ones. The highest binding affinity (IC 50 ) and percentile rank of the predicted self or nonself peptides for the recipients' HLA-DR antigens are below 5000 nM and 5%, respectively, and thus they could all be potential T cell epitopes (Table 4) .
Prediction of DSA Formation: Influence of the Peptide
Length and HLA Class II Phenotype. Table 5 shows the classification of each mismatch according to the criteria described in the Materials and Methods and the analysis presented in Table 4 . Three peptide lengths (9 mers, 12 mers, and 15 mers) and the predicted HLA-DR and/or HLA-DQ presentation were analyzed for their association with DSA formation. Only the HLA-DR presentation of 9-mer peptides is significantly associated with DSA formation ( = 0.0169), in contrast to HLA-DQ or the combined HLA-DR/DQ presentation of 9-mer, 12-mer, and 15-mer peptides (Table 5) . If the recipient's HLA-DR antigen has the highest affinity for nonself peptide derived from the mismatch then a DSA will likely be generated against it. The formation of DSA, given the presentation of nonself allo-HLA-derived peptide, can be predicted with an accuracy of 80%, a sensitivity of 88%, and a specificity of 63%.
Discussion
This study reveals that comparing the predicted binding affinity of HLA class II mismatched-derived self or nonself peptides helps distinguishing immunogenic HLA class II mismatches that lead to the formation of DSA from nonimmunogenic ones after HLA mismatched kidney transplantation. Indeed, there is a significant association between the predicted presentation of nonself peptide and the presence of DSA in the serum of kidney recipients. This immunologic evaluation of donor-recipient pairs may be useful in optimizing HLA matching and in guiding donor selection by determining potentially nonimmunogenic HLA mismatches, that is, permissible HLA mismatches. Although the self component of HLA mismatches provides new insight for the understanding of the complex underlying mechanism of HLA antibody development, the computational approach described in this study has some limitations. Indeed, the evaluation of the immunogenicity of allo-HLA cannot rely on the characterization of T cell epitopes alone, as the recognition of B cell epitopes initiates the humoral response to allo-HLA [17] . For example, mismatch ID 17 did not lead to the formation of DSA, while nonself alloHLApep had the highest binding affinity for the recipient's HLA-DR antigens. However, mismatch ID 17 carries a total of 6 eplet mismatches, but none are antibody verified; therefore, this mismatch may not be antigenic and may not result in the formation of DSA. Another limitation relies on the complexity of HLA-DQ heterodimers, where both DQA1 and DQB1 chains are polymorphic and can be mismatched; thus both can contribute to the antigenicity of HLA-DQ antigens. For example, mismatch ID 10 led to the formation of anti-DQA1 * 06:01 DSA but the DQA1-derived-peptides that presented with highest affinities were only self. Their associated allo-DQB1 chains (DQB1 * 03:01/03:03) had nonself peptides binding with highest affinity for the recipient's HLA-DR antigens and with higher affinity than the self DQA1-derived-peptides (Table 4) . In a similar fashion, mismatch ID 19 (DQB1 * 06:04), which did not lead to the formation of DSA, had self DQB1-derived peptides binding with highest affinity for the recipient's HLA-DR antigens and with higher affinity than the nonself DQA1-derived-peptides. For mismatch ID 24 (DQB1 * 06:03), which did not lead to the formation of DSA and self peptides were binding with highest affinity for the recipient's HLA-DR antigens, the associated mismatched DQA1 had nonself peptides binding with highest affinity. In this case, only the expression of the HLA-DQ heterodimer comprised of both mismatched DQA1 and DQB1 (DQA1 * 02:01\DQB1 * 06:03) may lead to the formation of DSA against DQB1 * 06:03, but not if the mismatched DQB1 chain is expressed in association with the matched DQA1 chain. Therefore, to predict the immunogenicity of HLA-DQ mismatches, both alpha and beta chains have to be taken into account, as both can carry peptide sequences recognized as nonself by the recipient (the same is true for antibody epitopes [42, 43] ).
The predictive power of this analysis can be improved if the sample size is increased and if the complete HLA class II typing is available. Indeed, the HLA typing of each donor/recipient pair for HLA-DRB3, HLA-DRB4, HLA-DRB5, and DP alleles was not available for this study. This limitation prevented a complete interlocus comparison between donor and recipient, especially for DRB1 antigens. The only mismatches that did not produce DSA but involved nonself peptides that were predicted to be presented were HLA-DRB1 mismatches (ID 17 and 22) . Perhaps the nonself peptides predicted to be presented could potentially be self peptides that are shared by the recipient's HLA-DRB3, HLA-DRB4, or HLA-DRB5 antigens.
Furthermore This study evaluated the HLA class II (HLA-DR and HLA-DQ) presentation of B cells. Although B cells can be expected to present allo-HLA-derived peptides with all HLA class II antigens (DRB, DQ, and DP) [37, 44] , the predicted presentation of recipients' HLA-DR antigens only, and not HLA-DQ or both HLA-DR and HLA-DQ, is associated with the formation of DSA. Therefore, this study suggests that the HLA-DR phenotype is associated with the production of IgG DSA, as previously described [29, 30, 34] . Interestingly, the increased cell surface expression of HLA-DQ and/or HLA-DP (the antigen-presenting phenotype of B cells) was observed in autoimmune diseases (rheumatoid arthritis and psoriatic arthritis) and is possibly associated with the presentation of self antigens [44] . Coincidently, HLA-DQ antigens were often predicted to present self allo-HLA peptides (as shown in Table 5 ). Evaluating the antigen presentation ability of DRB3, DRB4, or DRB5 and DP antigens remains to be elucidated in the context of transplantation. Note. Bold and underlined mismatches led to the production of DSA. Bold amino acid position, IC50, and percentile rank are for the peptides with highest affinity for the recipient's HLA-DR antigens.
AA: amino acid position; % rank: percentile rank. One interesting finding is that the prediction of DSA formation is significantly associated with the presentation of 9-mer and not with 12-mer or 15-mer peptides. HLA class II antigens have a binding groove that is open at both ends, which allows the binding of peptides that extend beyond the groove and can accommodate peptides of varying lengths (typically 12-18 mers) and possibly whole proteins [45] . However, the core binding motif of HLA class II antigens, which anchors the peptide in the groove, is approximately nine amino acids long [46] . In addition, TCR interaction with the HLA class II/peptide complex requires different contact sites that span the HLA class II alpha and beta chains and across the peptide [47] . Furthermore, changes in the nonamer core sequences that aligned to the binding groove of HLA class II molecules may result in critical effects on peptide contacts and interactions with the TCR [48] . Therefore, when 9-mer allo-HLApep are analyzed, every core binding motif is evaluated separately in contrast to 12-or 15-mer peptides, where different peptides can have the same core binding motif. Similarly, PIRCHE-II relies upon the distinction between identical and nonidentical peptides based upon the exact nonamer sequence that was predicted to occupy the binding groove [34] . Yet the underlying reasons that 9-mer peptides predict the formation of DSA remains to be elucidated. Surprisingly, the EpMS, HMS, EMS, and AMS were not statistically different between mismatches that led to the formation of DSA and the ones that did not, in contrast to previous reports. Although a trend was seen, where mismatches that led to the formation of DSA had higher EpMS, HMS, EMS, and AMS than mismatches that did not produce DSA, the sample size may have influenced the statistical significance. Nevertheless, HLAmatchmaker, a structurally based matching program, evaluates the possible target of IgG DSAs, and, similarly, Komoliaptsis et al. assessed the number and physiochemical properties of amino acid mismatches. Both approaches focused on the structural basis of antibody-antigen interactions and thus elucidated the antigenicity of HLA molecules. In contrast to the present study, both groups found a correlation between the number and physiochemical characteristics of antigenic determinant mismatches and the incidence of epitope-specific HLA DSA [20] [21] [22] [24] [25] [26] [27] [28] . Although the immunogenicity of HLA molecules is dependent on the mismatched amino acid residues between the donor and the recipient and on the number and physiochemical properties of these amino acid mismatches that are accessible on the molecular surface of HLA, only the antigenicity of HLA molecules are reported, not the immunogenicity or the humoral response to a specific allo-HLA. In contrast, there was a significant difference between the numbers of PIRCHE-II in mismatches that led to the formation of DSA compared to those that did not for all loci combined; this lends support to the idea that the immunogenicity of HLA class II mismatches is dependent on the recipient's HLA-DR presentation of self or nonself allo-HLA-derived peptides and may be an important factor in the IgM to IgG DSA isotype switch. Lastly, a conclusion drawn by Otten et al. [34] about the antigenicity (B cell epitopes) and immunogenicity (T cell epitopes) of HLA mismatches, being independent parameters in supporting the formation of DSA, is reinforced by this study.
The indirect allorecognition pathway and the thymic selection of CD4+ T cells are the central components underlying the analysis of this study. by which B cells capture and present allo-HLA molecules to CD4+ T cells. When nonself allo-HLA-derived peptides are presented to CD4+ T cells, the release of various cytokines promotes B cell differentiation into anti-HLA IgG-secreting plasma cells [8] . This process requires allo-HLA molecules to be antigenic (antibody reactive) and immunogenic (ability to elicit an immune response); that is, there has to be a domain recognized by B cells and a domain recognized by T cells, respectively [16] . The B cell domain, referred to as an HLA antibody epitope, should be located on the molecular surface of allo-HLA only, whereas the T cell domain, referred to as a T cell epitope, can be found anywhere, exposed or cryptic. Indeed, for HLA-I antigens, the 3 domain and the N-terminal part of the 1 domain seem to be enriched in T cell epitopes (described as PIRCHE-II), where HLA antibody epitopes (described as eplets) are rare [34] . Moreover, eplets recognized with high frequency by allo-antibodies are generally expressed on the top of the HLA molecule, in contrast to eplets recognized with low frequency that are in less accessible positions [24] . The dynamics of the HLA class II presenting pathways and the processing of allo-HLA molecules through different compartments of the endosomal/lysosomal pathway are a very complex mechanism and remain to be fully elucidated [49] . The cleavage, or proteolysis, of allo-HLA molecules into small antigenic peptides is dependent on the catalysis of different proteases [50] [51] [52] , although HLA molecules are known to be resistant to protease degradation [53] . The cleavage pattern of HLA molecules by different proteases should help to identify whether certain predicted T cell epitopes (alloHLApep) can be produced or not. An integrated approach to epitope analysis has been developed [54] and should be used in the context of transplantation by combining it with the use of databases (such as SYFPEITHI) listing peptide sequences which are known to be presented HLA class II antigens [55] . T cell epitopes can be destroyed if they contain the cleavage site of any protease [56, 57] , and it could explain why certain mismatches (ID 4, 17, and 22) that were predicted to present nonself peptides did not produce a DSA, and one mismatch (ID 21) that was predicted to present self peptides led to the formation of a DSA. Lastly, it is possible that relying solely on the peptides with highest affinity for the recipient's HLA class II antigens may carry a risk of missing relevant immunogenic peptides when both self and nonself peptides have similar binding affinities for the same HLA class II antigen. It has been documented that peptide immunogenicity correlates with both its dissociation rate from and its affinity for HLA class I molecules [58, 59] , and the same may be true for HLA class II molecules. However, if their binding affinity difference is large enough then this risk may be minimized.
In summary, the approach described in this paper relies on the indirect allorecognition pathway to predict the formation of DSA. The predicted presentation of nonself allo-HLAderived peptides shows a relationship with the presence of DSA in the serum of kidney recipients. The evaluation of the immunogenicity (self or nonself peptide presentation) and antigenicity (antibody epitopes) of HLA mismatches requires the molecular typing of all HLA-I and HLA class II loci, which is not a standard practice in most organ transplantations. But this approach can benefit mismatched transplantation by optimizing donor-recipient matching and selecting permissible HLA mismatches with low immunogenic potential in order to minimize the appearance of DSA.
